Abstract. The scanning electrochemical microscope (SECM) offers a highly sensitive route to evaluate degradation reactions and protection methods with chemical selectivity by using ion-selective microelectrodes as tips, thus operating SECM potentiometrically. Spatially resolved imaging of electrochemical reactivity related to each component of the investigated material can thus be effectively monitored selectively both in situ and in real time. The applicability of this method has been illustrated using a practical example of a metal-coating system, consisting in the exposure of cut edges of coil-coated galvanized steel to aqueous saline environment. In this contribution, localized pH and zinc(II) ion distributions originated around cut edges of coil coated steel immersed in 1 mM NaCl solution are shown.
Introduction
Corrosion is an electrochemical phenomenon with enormous economic influence. It is the gradual degradation of elemental metals converting them to their more stable oxidized forms. Hence the investigation of corroding systems and understanding complex corrosion processes are of major interest as to develop more efficient corrosion protection methods. Though corrosion processes may present different mechanisms and reactions, they all share the common electrochemical nature of the process. Thus, electrochemical techniques are usually employed for their investigation. In addition to conventional electrochemical methods like open circuit potential measurements, Tafel analysis, cyclic voltammetry, or electrochemical impedance [1] , scanning microelectrochemical methods are becoming essentials tools for corrosion and materials science scientists as they provide in situ localized chemical information of the sample of interest with high resolution [2] .
To electrochemically image a material surface in an aqueous solution as it experiences chemical activity, methods such as the Scanning Vibrating Electrode Technique (SVET) and the Scanning Electrochemical Microscopy (SECM) are microelectrochemical techniques which can decipher local reaction sites. In these techniques, an ultramicroelectrode (UME), also known as the tip, and substrate are positioned within an electrochemical cell along with a reference and counter electrodes. The UME (tip) is capable of moving in X-Y-Z coordinates, and thus can raster the substrate surface at any prescribed height. In SVET localized potential gradients of the sample surface caused by a local ionic current occurring around anodic and cathodic areas are detected with a respect to values obtained in the bulk solution away from the sample [3] . Though this technique cannot identify the precise composition of the sensed species, it is a very efficient way to characterize corroding systems [4] . SECM uses a polarizable working electrode instead, thus effectively measuring currents. The current recorded by the tip is a function of the local solution composition, the tip-substrate distance and the electrochemical/electrical activity of the substrate. An image of the spatial electrochemical reactions on a sample can thus be obtained by recording/analysing the tip currents, as the tip is rastered across the substrate surface. This is because currents associated with the electrochemical reaction at the tip, experience perturbations when in close proximity with the substrate, therefore enabling one to record a chemical micrograph of the surface. Alternatively to its amperometric operation, ion-selective microelectrodes can also be employed as tips, thus allowing the selective monitoring of different ionic species. Among them, antimony-based microelectrodes can find increasing application as they can be operated as dual amperometric/potentiometric probes, thus effectively sensing faradaic currents associated to electron transfer reactions, as well as to selectively image pH distributions of a certain chemical species [5] . Finally, ion-selective microelectrodes (ISME) can be employed potentiometrically to monitor concentration distributions of a selected chemical species [6] .
In this contribution we report new developments in scanning electrochemical microscopy based on the application of potentiometric operation for the chemical sensing of corroding materials and their protection, using a cut edge of painted galvanized steel exposed to aqueous solution to illustrate the chemical resolution of the technique.
Experimental
SECM experiments were performed using an instrument manufactured by Sensolytics (Bochum, Germany) and operated with an Autolab bipotentiostat (Metrohm, Utrecht, The Netherlands) provided with a frequency response analyzer, all controlled with a personal computer. A homemade voltage follower based on a 10 12 Ω input impedance operational amplifier had to be interconnected between the cell and the potentiometric input of the system. SECM measurements were performed on cut edges of coil-coated galvanized mild steel immersed in 1 mM NaCl solution. The mild steel foil was 400 μm thick, whereas the galvanized layers applied at both sides were ca. 30 μm thick, and coated with a 5 μm polyester primer containing strontium chromate as inhibitor. One of the sides was further coated with a 20 μm white polyester topcoat containing TiO 2 . This system was embedded in epoxy resin. The exposed cut edge was ground with SiC papers down to 4000 grit, and polished with 0.5 μm alumina slurries. Cut edge samples of non painted galvanized steel were prepared by removing the paint layers by immersion in acetone.
SECM probes were fabricated from pulled borosilicate capillaries to build micropipettes that will contain the sensing element after silanization by soaking in 5% dichloro-dimethyl-silane in CCl 4 solution, and subsequently dried at 120 ºC for 30 min. The preparation of the Zn ISME electrode involved electrochemical polymerization of PEDOT on a 33 μm dia. carbon fiber [6] . A small amount of Zn-ion selective cocktail was allocated into the micropipette tip, solvent evaporated for about 24 h, before the PEDOT-coated carbon fiber was inserted in the lumen of the capillary. In this way, the end of the carbon fiber was immersed in the ion-selective cocktail [7] . pH measurements were made using an Sb microelectrode built by melting Sb powder inside the borosilicate capillary [6] . The electric contact to the resulting antimony fiber was attained by introducing a copper wire and liquid mercury.
Results and Discussion
By using the antimony disc electrode, pH distributions were monitored over the exposed cut edge. Measurements could be recorded as either 1-D scan lines, where the sensing probe is moved exclusively in the X axis, i.e., along an imaginary line drawn perpendicular to the cut edge. In this way, the time evolution of the system can be followed in real time due to the rather slow acquisition time of the technique. Alternately, 2-D maps can also be recorded, i.e., the sensing probe is scanned in both X and Y directions. Scanning a relatively big sample as those described in this work may eventually take a long time in comparison to the rate of the corrosion. Since high scan rates cause poor resolution, and distortion, they can be selected at certain times in order to obtain an estimate of the behaviour for the complete exposed system. Such characterization is usually very useful in the case of
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The 2nd International Conference Material Engineering and Application corrosion reactions, because they occur as result of numerous microcells that are usually heterogeneously distributed on the surface of the material. Fig. 1 depicts three scan lines taken at different exposure times either for the galvanized steel system without paint layers at either side (left) and for the galvanized steel system with the two paint layers (right). In general terms, they show an alkaline region developing directly above the steel matrix, where the reduction of oxygen to hydroxide ions occurs as the cathodic half reaction. The pH changes decrease with time for both materials due to the precipitation of corrosion products on the surface of the material, effectively blocking portions of the metallic surface from contact with the environment. Conversely, local acidification develops above the zinc strips as result of metal dissolution and subsequent hydrolysis in the aqueous phase, a reaction that occurs with the release of hydrogen ions. The different chemical activity of the coated and the bare galvanized steel cut edges is also readily observable by comparing the shape of the pH distributions recorded for each system. Thus, rather symmetrical pH distributions were obtained in the case of non-coated galvanized steel, with both zinc strips equally acting as sacrificial anodes. On the contrary, the pH distributions developing on the painted galvanized steel are notoriously asymmetrical, clearly reflecting the different composition of the paint layers applied at either side. In this way, the corrosion inhibition effect of strontium chromate contained in the polymer films leads to a smaller rate of metal dissolution, and subsequent decrease in acidification. In addition, the thicker polymer layer at the left further protects the adjacent zinc compared to the layer at the right side, which dissolves preferentially. Fig. 1 Line scans recorded with the pH sensitive antimony microelectrode above the cut edges of: (left) non-painted galvanized steel, and (right) painted galvanized steel, during immersion in 1 mM NaCl solution for the times indicated in the graphs.
Analogously, the Zn 2+ selective electrode was employed to measure the local distributions of Zn 2+ concentration over the cut edge systems, and scan lines recorded at different exposure times are shown in Fig. 2 . At the beginning of the experiment, the concentration of zinc(II) ions increases with the elapse of time up to 50-70 min, and it is followed by a decrease at longer times. This is an indication of the onset of corrosion products precipitation as result when the soluble zinc ions encounter a more alkaline environment. The different behaviour of the painted and bare galvanized steels is also observed here, with preferential dissolution of one zinc layer in the case of the painted system shown at the right. Examples of 2-D maps are shown in Fig. 3 and 4. They were measured after the corresponding scan lines in Figs. 1 and 2 were recorded, thus giving an image of the resulting surface of the materials. They agree well with the description given above on the basis of the scan lines, as indicated by more symmetrical distributions for both pH and pZn on the non-painted galvanized steel cut edge compared to the painted system. Yet, the protective effect of the paint layers is evidenced by the lower pZn values attained by the non-coated sample, thus indicating bigger dissolution rates from the latter. They also correspond with the observation of more acidic pH values in this case. 
Conclusions
Scanning electrochemical microscopy (SECM) is a highly sensitive tool for the characterization of surface reactivity of materials as it provides images with chemical and spatial resolution. The potential of potentiometric operation for the in situ monitoring of corrosion processes and the efficiency of protection methods has been shown. Both scan line and 2-D maps offer complementary information on the actual mechanisms operating in the system and their time evolution. Ion-selective microelectrodes are used as sensing probes in this case.
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